Observation of Gamma Rays from the Galactic Center with the MAGIC
  Telescope by Albert, J. & collaboration, MAGIC
ar
X
iv
:a
str
o-
ph
/0
51
24
69
v1
  1
9 
D
ec
 2
00
5
DRAFT VERSION AUGUST 28, 2018
Preprint typeset using LATEX style emulateapj v. 10/09/06
OBSERVATION OF GAMMA RAYS FROM THE GALACTIC CENTER WITH THE MAGIC TELESCOPE
J. ALBERTA, E. ALIUB , H. ANDERHUBC, P. ANTORANZD, A. ARMADAB , M. ASENSIOD , C. BAIXERASE, J. A. BARRIOD, M. BARTELTF,
H. BARTKOG,* , D. BASTIERIH, R. BAVIKADII, W. BEDNAREKJ, K. BERGERA, C. BIGONGIARIH, A. BILANDC, E. BISESII , R. K. BOCKG ,
T. BRETZA, I. BRITVITCHC, M. CAMARAD , A. CHILINGARIANK, S. CIPRINIL , J. A. COARASAG , S. COMMICHAUC, J. L. CONTRERASD,
J. CORTINAB , V. CURTEFF, V. DANIELYANK, F. DAZZIH , A. DE ANGELISI, R. DE LOS REYESD, B. DE LOTTOI,
E. DOMINGO-SANTAMARI´AB, D. DORNERA, M. DOROH , M. ERRANDOB, M. FAGIOLINIO, D. FERENCN, E. FERNA´NDEZB, R. FIRPOB,
J. FLIXB , M. V. FONSECAD, L. FONTE , N. GALANTEO, M. GARCZARCZYKG, M. GAUGB , M. GILLERJ, F. GOEBELG, D. HAKOBYANK ,
M. HAYASHIDAG, T. HENGSTEBECKM, D. HO¨HNEA , J. HOSEG , P. JACONJ , O. KALEKINM, D. KRANICHC,N , A. LAILLEN, T. LENISAI ,
P. LIEBINGG, E. LINDFORSL , F. LONGOP , J. LO´PEZB, M. LO´PEZD, E. LORENZC,G , F. LUCARELLID, P. MAJUMDARG , G. MANEVAQ ,
K. MANNHEIMA, M. MARIOTTIH, M. MARTI´NEZB, K. MASEG , D. MAZING , M. MERCKA , M. MEUCCIO, M. MEYERA , J. M. MIRANDAD,
R. MIRZOYANG, S. MIZOBUCHIG , A. MORALEJOG, K. NILSSONL , E. ON˜A-WILHELMIB, R. ORDUN˜AE , N. OTTEG, I. OYAD ,
D. PANEQUEG, R. PAOLETTIO, M. PASANENL , D. PASCOLIH, F. PAUSSC, N. PAVELM, R. PEGNAO , L. PERUZZOH, A. PICCIOLIO,
E. PRANDINIH, J. RICOB , W. RHODEF , B. RIEGELA, M. RISSIC , A. ROBERTE , S. RU¨GAMERA, A. SAGGIONH, A. SA´NCHEZE,
P. SARTORIH, V. SCALZOTTOH, R. SCHMITTA, T. SCHWEIZERM, M. SHAYDUKM , K. SHINOZAKIG, S. N. SHORER, N. SIDROB,
A. SILLANPA¨A¨L, D. SOBCZYNSKAJ, A. STAMERRAO, A. STEPANIANZ, L. S. STARKC, L. TAKALOL, P. TEMNIKOVQ, D. TESCAROB,
M. TESHIMAG, N. TONELLOG, A. TORRESE , D. F. TORRESB,S , N. TURINIO, H. VANKOVQ , A. VARDANYANK, V. VITALEI,
R. M. WAGNERG, T. WIBIGJ, W. WITTEKG, J. ZAPATEROE
Draft version August 28, 2018
ABSTRACT
Recently, the Galactic Center has been reported to be a source of very high energy (VHE) γ-rays by the
VERITAS, CANGAROO and HESS experiments. The energy spectra as measured by these experiments
show substantial differences. In this Letter we present MAGIC observations of the Galactic Center, result-
ing in the detection of a differential γ-ray flux consistent with a steady, hard-slope power law, described as
dNγ/(dAdtdE) = (2.9 ± 0.6) × 10
−12(E/TeV)−2.2±0.2 cm−2s−1TeV−1. The γ-ray source is centered at
(Ra, Dec)=(17h45m20s, -29◦2′). This result confirms the previous measurements by the HESS experiment and
indicates a steady source of TeV γ-rays. We briefly describe the observational technique used, the procedure
implemented for the data analysis, and discuss the results in the perspective of different models proposed for
the acceleration of the VHE γ-rays.
Subject headings: gamma rays: observation — Galaxy: center — acceleration of particles
1. INTRODUCTION
The Galactic Center (GC) region contains many remark-
able objects which may be responsible for high-energy
processes generating γ-rays (Aharonian & Neronov 2005;
Atoyan & Dermer 2004). The GC is rich in massive stel-
lar clusters with up to 100 OB stars (Morris & Serabyn
1996), immersed in a dense gas. There are young super-
nova remnants, e.g. Sgr A East, and nonthermal radio arcs
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(LaRosa et al. 2000). The dynamical center of the Milky Way
is associated with the compact radio source Sgr A∗, which is
believed to be a massive black hole (Morris & Serabyn 1996).
Within a radius of 10 pc around the GC there is a mass of
about 3 · 107M⊙ (Scho¨del et al. 2002).
EGRET has detected a strong source in the direction of
the GC, 3 EG J1745-2852 (Mayer-Hasselwander et al. 1998),
which has a broken power law energy spectrum extending up
to at least 10 GeV, with a spectral index of 1.3 below the break
at a few GeV. Assuming a distance of the GC of 8.5 kpc, the
γ-ray luminosity of this source is very large, 2.2 · 1037erg/s,
which is equivalent to about 10 times the γ-flux from the Crab
nebula. However, an independent analysis of the EGRET data
(Hooper & Dingus 2002) indicates a point source whose po-
sition is different from the GC at a confidence level beyond
99.9 %. This was recently sustained by Pohl (2005).
In very high energy γ-rays the GC has been observed
by VERITAS, CANGAROO and HESS (Kosack et al. 2004;
Tsuchiya et al. 2004; Aharonian et al. 2004). The energy
spectra as measured by these experiments show substantial
differences. This might be due to different sky integration re-
gions of the signal or a source variability at a time-scale of
about one year.
2. OBSERVATIONS
MAGIC (see e.g., Baixeras et al. (2004); Cortina et al.
(2005) for a detailed description) is currently the largest single
dish Imaging Air Cherenkov Telescope (IACT) in operation.
Located on the Canary Island La Palma (28.8◦N, 17.8◦W,
2TABLE 1
DATA SET
Period date ZA [◦] time [h] events [106] obs. mode
I Sep. 2004 62-68 2 0.8 ON
II May 2005 58-62 7 2.8 wobble
III Jun./Jul. 2005 58-62 17/12 6.4/5.0 ON/OFF
NOTE. — Data set per observation period of the GC. The column “time” states the
effective observation time, the column “events” states the events after image cleaning
2200 m a.s.l.), the telescope has a 17-m diameter tessellated
parabolic mirror, supported by a light weight carbon fiber
frame. It is equipped with a high quantum efficiency 576-
pixel 3.5◦ field-of-view photomultiplier camera. The analog
signals are transported via optical fibers to the trigger elec-
tronics and are read out by a 300 MSamples/s FADC system.
At La Palma, the GC ((RA, Dec) = (17h45m36s,−28◦56′))
culminates at about 58◦ zenith angle (ZA). The star field
around the GC is non-uniform. In the region west of the
source (RA > RAGC+4.7m) the star field is brighter. Within
a distance of 1◦ from the GC there are no stars brighter than
8th magnitude.
The MAGIC observations were carried out in the ON/OFF
mode as well as in the false-source tracking (wobble) mode
(Fomin et al. 1994). The sky directions (W1, W2) to be
tracked in the wobble mode are chosen such that in the cam-
era the star field relative to the source position (GC) is similar
to the star field relative to the mirror source position (anti-
source position): W1/W2 = (RAGC, DecGC ± 0.4◦). During
one wobble mode data taking, 50% of the data is taken at
W1 and 50% at W2, switching between the two positions ev-
ery 20 minutes. Dedicated OFF data have been taken, with
a sky field similar to that of the ON region. The OFF re-
gion is centered at the Galactic Plane, GCOFF = (RA, Dec) =
(17h51m12s, −26◦52′00′′). In the same night OFF data was
taken directly before or after the ON observations under the
same weather conditions and hardware setup.
After initial observations in September 2004 the GC was
observed for a total of about 24 hours in the period May-July
2005. Table 1 summarizes the data taken.
3. DATA ANALYSIS
The data analysis has been carried out using the
standard MAGIC analysis and reconstruction software
(Bretz & Wagner 2003), the first step of which involves the
calibration of the raw data (Gaug et al. 2005). After calibra-
tion, image cleaning tail cuts of 10 ph. el. (core pixels) and 5
ph. el. (boundary pixels) have been applied (see e.g. (Fegan
1997)). These tail cuts are accordingly scaled for the larger
size of the outer pixels of the MAGIC camera. The camera
images are parameterized by image parameters (Hillas 1985).
In this analysis, the Random Forest method (see Bock et al.
(2004) for a detailed description) was applied for the γ/hadron
separation and the energy estimation (for a review see e.g.
Fegan (1997)). For the training of the Random Forest a sam-
ple of Monte Carlo (MC) generated γ-showers was used to-
gether with about 1% independent and identically distributed
events drawn from the measured OFF-data. The MC γ-
showers were generated between 58◦ and 68◦ ZA with en-
ergies between 10 GeV and 30 TeV. For the analysis of the
September 2004 data set the Random Forest cuts were deter-
mined using a sub-set of Galactic OFF data as background.
The source-position independent image parameters SIZE,
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FIG. 1.— Smoothed sky map of γ-ray candidates (background subtracted)
in the direction of the Galactic Center for SIZE ≥ 300 ph. el. (corresponding
to an energy threshold of about 1 TeV). Overlayed are green contours (0.3
Jy beam−1) of 90 cm VLA (BCD configuration) radio data (LaRosa et al.
2000). The white line shows the galactic plane.
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FIG. 2.— Distributions of θ2 values for the source and anti-source, see
text, for SIZE ≥ 300 ph. el. (corresponding to an energy threshold of about
1 TeV).
WIDTH, LENGTH, CONC (Hillas 1985) and the third mo-
ment of the ph. el. distribution along the major image axis, as
well as the source-position dependent parameter DIST (Hillas
1985), were selected to parameterize the shower images. Af-
ter the training, the Random Forest method allows to calcu-
late for every event a parameter, called hadronness, which is
a measure of the probability that the event is not γ-like. The
γ-sample is defined by selecting showers with a hadronness
below a specified value. An independent sample of MC γ-
showers was used to determine the efficiency of the cuts.
The analysis at high zenith angles was developed and veri-
fied using Crab data with a ZA around 60◦. The determined
Crab energy spectrum was found to be consistent with other
existing measurements (see Fig. 3, dot-dashed line).
For each event the arrival direction of the primary in sky co-
ordinates is estimated by using the DISP-method (Fomin et al.
1994; Lessard et al. 2001; Domingo-Santamaria et al. 2005).
For the sky map calculation only source independent image
3parameters are used in the Random Forest training. Figure
1 shows the sky map of γ-ray candidates (background sub-
tracted, see e.g. (Rowell 2003)) from the GC region (observa-
tion periods II/III). It is folded with a two-dimensional Gaus-
sian with a standard deviation of 0.1◦ (roughly corresponding
to the MAGIC PSF) and height one. A lower SIZE cut of 300
ph. el. has been applied, corresponding to an energy threshold
of about 1 TeV. The sky map is overlayed with contours (0.3
Jy beam−1) of 90 cm VLA (BCD configuration) radio data
from LaRosa et al. (2000). The brightest non-central source is
the Arc. The excess is centered at (RA, Dec) = (17h45m20s,
-29◦2′) (J2000 coordinates). The systematic pointing uncer-
tainty is estimated to be 2′ (for description of the MAGIC
telescope drive system see Bretz et al. (2003)) and might in
the future be further reduced with the MAGIC starfield mon-
itor (Riegel et al. 2005). The excess is compatible with a
point source emission. The VHE γ-ray source G 0.9+0.1
(Aharonian et al. 2005) is located inside the MAGIC field-of-
view. It shows a small excess consistent with the low flux
reported by Aharonian et al. (2005). The MAGIC excess is
not yet statistically significant for the given exposure time.
Figure 2 shows the distribution of the squared angular dis-
tance, θ2, between the reconstructed shower direction and the
nominal GC position corresponding to Fig. 1 (observation pe-
riods II/III). The observed excess in the direction of the GC
has a significance of 7.3 standard deviations (θ2 ≤ 0.02◦).
The source position and the flux level are consistent with the
measurement of HESS (Aharonian et al. 2004) within errors.
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For the determination of the energy spectrum, the Ran-
dom Forest was trained including the source dependent im-
age parameter DIST with respect to the nominal excess posi-
tion. For the spectrum determination only the largest data set
(period III) was used. The cut on the hadronness parameter
(50% γ-efficiency corresponding to an effective area of about
250000 m2) resulted in about 500 excess events with a min-
imum SIZE of 200 ph. el. Figure 3 shows the reconstructed
VHE γ-ray energy spectrum of the GC after the unfolding
with the instrumental energy resolution, see Mizobuchi et al.
(2005). The differential γ-flux can be well described by a
simple power law:
dNγ
(dAdtdE)
= (2.9± 0.6)× 10−12(E/TeV)−2.2±0.2
cm−2s−1TeV−1 .
The given errors (1σ) are purely statistical. The systematic
error is estimated to be 35% in the flux level determination
and 0.2 in the spectral index.
Figure 4 shows the reconstructed integral VHE γ-ray flux
above 1 TeV as a function of time. All OFF data are used
for each time bin resulting in some correlation between the
time bins. Different observation modi may result in differ-
ent systematic errors. The flux level is steady within errors
in the time-scales explored within these observations, as well
as in the two year time-span between the MAGIC and HESS
observations.
time [Mjd]
53480 53500 53520 53540 53560 53580
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
-11x10
Galactic Center
May-July 2005
observation time: 26 h
zenith angle: 58-62 deg
53240 53260 53280
]
-
1
s
-
2
In
te
gr
al
 F
lu
x 
(E
>1
 Te
V)
 [c
m
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
-11x10
FIG. 4.— Light curve: Reconstructed integral VHE gamma-ray flux above
1 TeV as a function of time. Within errors (1σ) the data are consistent with a
steady emission.
4. DISCUSSION
Recent observations of TeV γ-rays from the GC confirm
that this is a very important region for high energy processes
in the Galaxy. In fact, this is not surprising since many dif-
ferent objects, able to accelerate particles above TeV ener-
gies, are expected there. The most likely source seems to be
the massive black hole identified with Sgr A∗ due to the di-
rectional consistency. A blazar-like relativistic jet originating
from the spinning GC black hole might be expected to pro-
duce TeV γ-rays (Falcke et al. 1993), but flux predictions of
this model are on the low side due to an unfavorable orienta-
tion of the jet axis. Moreover, a short-term variability would
be expected. Atoyan & Dermer (2004) propose that electrons
can be accelerated to sufficiently high energies at the termi-
nation shock of the sub-relativistic wind from the central part
of the advection dominated accretion flow onto the GC black
hole, in analogy to the pulsar wind nebulae. The authors ex-
plain the broad band emission from Sgr A∗ (from radio to TeV
γ-rays) and suggest that the GeV source observed by EGRET
has another origin. This is consistent with the recent determi-
nation of the position of the EGRET source 3EG J1746-2851
by Hooper & Dingus (2002) and Pohl (2005). Other scenarios
for the γ-ray production in the vicinity of Sgr A∗, both lep-
tonic and hadronic, have also been found to be consistent with
the TeV observations (for reasonable sets of parameters) but
not with the GeV observations (Aharonian & Neronov 2005).
4It is generally expected that γ-rays produced in such compact
source models should show relatively fast variability. The
same level of TeV flux reported by HESS in 2004 and by
MAGIC in 2005, and also during their own observation pe-
riods extending over a few months, rather suggest a stable
source on a year time scale. However, the γ-ray flux above
2.8 TeV (3.7σ significance) reported by Whipple during the
extended period from 1995 through 2003 is a factor∼ 2 larger
(Kosack et al. 2004).
The origin of γ-ray emission in other types of sources is
also possible as demonstrated by the detection of the sec-
ond TeV γ-ray source in the direction of the GC consistent
with the location of the composite supernova remnant SNR
G 0.9+0.1 (Aharonian et al. 2005). Pohl (1997) proposed
that the GeV emission can be related to the GC radio arc.
Crocker et al. (2005), see also Fatuzzo & Melia (2003), argue
for the GeV and TeV emission coming from different sites of
the shell of the very powerful supernova remnant Sgr A East.
More extended γ-ray emission might also originate in the
interaction of relativistic particles with the soft radiation and
matter of the central stellar cluster around the GC. These
particles can be accelerated by e.g. a very energetic pul-
sar, a γ-ray burst source, shocks in the winds of the mas-
sive stars, or a shell type supernova remnant (Bednarek 2002;
Biermann et al. 2004; Quataert & Loeb 2005; Crocker et al.
2005; Grasso & Maccione 2005). If the TeV γ-rays are pro-
duced by leptons scattering off the infrared photons from
the dust heated by the UV stellar radiation (as discussed by
Quataert & Loeb (2005)), then the γ-ray power at ∼ 100
GeV should be almost an order of magnitude higher due
to scattering of UV radiation. The γ-ray energy spectrum
should steepen between ∼ 0.1 − 1 TeV. Instead, the HESS
collaboration reports a simple power law spectrum between
∼ 0.2−10 TeV (Aharonian et al. 2004). In order to produce a
gamma-ray spectrum well described by a single power law up
to ∼ 20 TeV, hadrons should have energies of about 103 TeV.
Such hadrons diffuse through the region of the TeV source
(< 7 pc, Aharonian et al. (2004)) on a time scale of the order
of 104 years, assuming the average magnetic field strength
in this region of 10−4 G and the Bohm diffusion coefficient.
Therefore, the natural source of relativistic hadrons seems to
be the supernova remnant Sgr A East or the energetic pul-
sar created in the supernova explosion (Crocker et al. 2005;
LaRosa et al. 2005; Bednarek 2002). However, this relatively
young source of relativistic hadrons cannot be identified with
the last γ-ray burst in the center of our Galaxy if it appeared
∼ 106 years ago (Biermann et al. 2004).
The GC can also be the brightest source of VHE γ-
rays from particle dark matter annihilation (Prada et al. 2004;
Hooper et al. 2004; Flix 2005). Most SUSY dark matter sce-
narios lead to a cut-off in the γ-ray energy spectrum below
10 TeV. The observed γ-ray energy spectrum extends up to
20 TeV. Thus most probably the main part of the observed
γ-radiation is not due to dark matter annihilation (Horns
2004). However, an extended γ-ray source due to dark mat-
ter annihilation peaking in the region 10 GeV to 100 GeV
(Elsa¨sser & Mannheim 2005) cannot be ruled out yet.
5. CONCLUDING REMARKS
The MAGIC observations confirm the VHE γ-ray source at
the Galactic Center. The measured flux is compatible with the
measurement of HESS (Aharonian et al. 2004) within errors.
The VHE γ-ray emission does not show any significant time
variability; our measurements rather affirm a steady emission
of γ-rays from the GC region. The excess is point like, it’s
location is spatially consistent with SgrA∗ as well as SgrA
East.
The nature of the source of the VHE γ-rays has not yet been
identified. Future simultaneous observations with the present
Cherenkov telescopes, the GLAST telescope and in the lower
energies will provide much better information on the source
localization and variability of emission. This will shed new
light on the nature of the high energy processes in the GC.
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